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ABSTRACT
Pivonia, S., and Yang, X. B. 2004. Assessment of the potential year-round establishment of soy-
bean rust throughout the world. Plant Dis. 88:523-529.

Soybean rust (Phakopsora pachyrhizi Sydow) has been known to occur in eastern Asia and Aus-
tralia for decades. In recent years, the disease entered Africa and South America and has spread
rapidly in these continents. It has become a concern to the U.S. soybean industry. To assess the
threat of soybean rust, we used a modeling approach to determine the potential geographical
zones where the fungus might overwinter and serve as source areas for seasonal epidemics.
Long-term meteorological averages were used to assess the temperature stresses by using
CLIMEX, and the dry stress with an algorithm developed in this study. Integration of stresses
was used to predict the likelihood of survival of the rust in a defined location. Our results suggest
that the new soybean rust invasions in Africa and South America occurred in the areas where the
fungus might persist year-round. The main regions where rust has not been reported but might
overwinter are located in the western hemisphere, including northern South America, Central
America, the Caribbean, Mexico, southern Texas, and Florida. Southeastern China and neighboring
areas are suggested as the primary regions where initial spores for soybean rust epidemics in cen-
tral China are produced. If the disease is to establish in the United States, it is likely to be restricted
to parts of Florida and southern Texas during the winter in the frost-free areas or areas where the
fungus could overcome short periods of below-freezing temperatures. Occurrence of rust epidem-

ics within the U.S. soybean belt would depend on south-to-north dispersal of uredospores.

Additional keyword: overwintering

Soybean rust, caused by Phakopsora
pachyrhizi Sydow, has occurred in the
eastern hemisphere for decades and causes
significant yield losses (3,20,27). In the
past few years, the disease has spread to
new areas: Hawaii in 1994 (11), Africa in
1996 (8), and South America in 2001 (40).
In the western hemisphere, South and Cen-
tral America, and the Caribbean, the less
aggressive soybean rust species P. mei-
bomiae (Arth.) Arth. was documented (21).
It was reported in Puerto Rico in 1913,
Mexico in 1917, and Cuba in 1926 on
hyacinth bean and some other leguminous
species (3), and in Puerto Rico in 1976 on
soybean (32).

P. pachyrhizi is an obligate fungal para-
site that produces both uredospores and
teliospores (39). Although teliospore ger-
mination has been studied in the laboratory
(25), little is known about the role of the
telial and possible aecial stages in the life
cycle. To date, only the uredospores are
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known to be functional. Fungal survival
throughout the year is dependent on con-
tinued production of uredospores on a
suitable host. The Leguminoseae host
range of P. pachyrhizi is remarkably wide
(3). In the United States, soybean is not
grown from October to April except for a
small area in Florida. However, several
species might serve as alternative hosts
during this period. Some of the alternative
hosts are widely distributed as weeds or
cultivated as winter forage and cover
crops. For example, kudzu (Pueraria lo-
bata), a very susceptible alternative host of
P. pachyrhizi (21,30), is a very common
weed in the southeastern United States
(35). Winter vetch (Vicia dasycarpa) and
blue lupine (Lupinus angustifolius) are
cultivated as winter forage and silage crops
in the southern United States (6,16).

Knowledge of the survival of the soy-
bean rust fungus is important to assess (i)
the potential threat of soybean rust in geo-
graphical regions where the disease has not
yet been reported and (ii) the potential
dissemination into major soybean produc-
tion regions during the growing season
from an overwintering area.

Literature on the survival ability of P.
pachyrhizi year-round is sparse. The fun-
gus was reported to survive on natural
stands of Kennedia rubicunda in New
South Wales, Australia (10). Severe soy-
bean rust epidemics are common during
the winter in Hainan Island, China (30). In

the Philippines, soybean was introduced
widely in the late 1970s, and rust quickly
became an epidemic on newly established
plantations. It was suggested that the
pathogen is widespread on nonsoybean
legume host plants (15). In India, P.
pachyrhizi was observed on volunteer soy-
bean plants (1).

In this study, we used a computer-based
system that integrates information about
the response of P. pachyrhizi to its envi-
ronment for predicting the potential for
year-round establishment in the United
States as well as in other parts of the
world. Threats of soybean rust to the
United States have been assessed in terms
of yield losses (37,38) or economic dam-
age (14). However, the potential establish-
ment of disease, which is crucial to risk
assessment, is unknown.

MATERIALS AND METHODS

The CLIMEX software, version 1.1, de-
veloped by Sutherst and Maywald (29),
was used together with a procedure devel-
oped in the present work to predict the
likelihood of survival of P. pachyrhizi in
different geographical zones. This model
uses long-term monthly meteorological
data to calculate accumulation of stresses
imposed by temperature and lack of mois-
ture on the given species. Temperatures
stresses were calculated using the
CLIMEX procedure to predict regimes
where temperature will restrict rust sur-
vival throughout the year. Estimations of
rust survival restrictions due to lack of
moisture were made separately using an
equation developed in this study. Combina-
tions of temperature and dry stresses al-
lowed us to predict the possible locations
free of lethal stresses where the rust might
persist year-round. Host availability was
not considered. Temperature stress and dry
stress parameters were chosen as described
by Worner (36). Parameters initially were
determined based on relevant literature.
The final value of each parameter was
calculated through iterations (i.e., after
each parameter adjustment, the level of
stress calculated was compared with
known responses at chosen locations
where P. pachyrhizi occurs year-round).
When approximate correspondence was
achieved, the final parameters were used to
determine the response of the fungus
within the climates of interest.

Temperature stress parameter estima-
tion. Cold stress probably is the most im-
portant factor preventing the survival of P.
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pachyrhizi in temperate regions. The tem-
perature threshold for cold stress (TTCS)
procedure assumed that the stress will start to
accumulate below a given temperature at a
given weekly rate, temperature rate for cold
stress (THCS), where “H” is used instead of
“R” in abbreviation of CLIMEX text.

The following equation from CLIMEX
was used to estimate weekly cold stress,
and likewise to calculate the other stresses:
weekly stress = (THCS) x (TTCS - aver-
age weekly minimum temperature) X num-
ber of weeks, where number of weeks
stands for the successive number of weeks
with stress and the annual cold stress for a
location is the sum of stress of all weeks.

THCS was calculated using the maxi-
mum time permitted between two infec-
tions to maintain a population. The time
from infection until uredospore production

is terminated, together with uredospore
survival duration, was estimated to be the
maximum time permitted between two
possible infection events. As calculated
from published data (see below), the maxi-
mum time permitted between two infection
events was estimated to be 70 to 90 days. A
conservative approach was taken to set
cold stress parameters: cold stress should
reach 100% within 9 to 10 weeks of con-
tinual marginal stress of 7°C average
minimum temperature. TTCS was set at
11°C and THCS at 0.005.

Cold stress parameters were estimated
according to the data in the following stud-
ies and were verified using the results ob-
tained by running the climatological data
of Jervis Bay (New South Wales, Austra-
lia) under the “compare year” procedure of
CLIMEX. P. pachyrhizi was found year-

round on natural stands of K. rubicunda in
Jervis Bay (10), and we considered Jervis
Bay a marginal zone for the year-round
persistence of the fungus due to cold tem-
peratures. Uredospores of P. pachyrhizi
were reported to germinate at temperatures
between 8 and 33°C (9). In a study con-
ducted by Kochman (13), uridinial devel-
opment and sporulation occurred under the
following night/day temperatures evalu-
ated: 7/17, 12/22, 17/27, and 22/32°C.
Time from inoculation to sporulation was
longest at 7/17°C. Time from spore germi-
nation until uredia formation and ure-
dospore release termination was 40 to 50
days (4). Field observations from Taiwan
in winter showed that mean night tempera-
tures below 14°C prevented or greatly
inhibited rust development (31). Winter
temperatures prevented P. pachyrhizi’s sur-
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Fig. 1. Global map of the cold stress indices (CS) for Phakopsora pachyrhizi. The CS is scaled between O and 1, where 0 is an environment free of cold
stress and 1 is a highly unfavorable environment due to cold temperatures. The sizes of the circles are proportional to CS.
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Fig. 2. Global map of the heat stress indices (HS) for Phakopsora pachyrhizi. The HS is scaled between O and 1, where O is an environment free of heat
stress and 1 is a highly unfavorable environment due to hot temperatures. The sizes of the circles are proportional to HS.
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vival in central China (30) and Japan (12).
P. pachyrhizi uredospores did not survive 5
days (first assessment time) when kept at
temperatures of 4 to 5°C and below (23). In
a report by Tan (30), duration of viability of
uredospores of P. pachyrhizi was up to 27
days in outdoor conditions with a minimal
temperature of 9°C.

To estimate heat stress, the same model-
ing approach was used. Heat stress tem-
perature threshold (TTHS) was set on
34°C and the weekly rate (THHS) was set
at 0.0025; meaning that 9 to 10 continual
weeks of average maximum weekly tem-
peratures of 40°C would accumulate 100%
heat stress. The following data from the
literature were used to determine heat
stress parameters and results were verified
by running the climatological data of Ni-
pani, North Karnataka, India (7) under the
“compare year” procedure of CLIMEX.
Nipani was considered a marginal zone for
P. pachyrhizi year-round persistence due to
hot temperatures. Under controlled envi-
ronmental conditions, no infection oc-
curred at 27.5°C and above (17). During
the summer in Hubei, China, uredospores
were able to survive inside the soybean

canopy when the field temperature ex-
ceeded 40°C (28). Research results from
Nipani revealed that rust in the uridinial
stage prevailed on soybean throughout the
year, including the hot and dry season,
when weekly average minimal tempera-
tures were above 26°C for more than 10
successive weeks and weekly average
maximum temperatures were above 38°C
for more than six successive weeks (7).
Dry stress evaluation. Moisture and
dry stress indices in CLIMEX are not suit-
able to estimate whether moisture condi-
tions permit rust development. A procedure
for gross estimation of soybean rust dry
stress accumulation was developed using
the long-term monthly meteorological data
for locations provided by CLIMEX. The
long-term monthly meteorological data
include monthly minimum and maximum
temperatures, precipitation, and relative
humidity (RH) means at 9:00 a.m. and
3:00 p.m. The following conditions were
used to estimate weekly dry stress: when
weekly precipitation was 10 mm or more,
dry stress would not develop. RH estima-
tions were made when lower weekly pre-
cipitation occurred. Diurnal RH cycles

were simulated with a sine function. The
time at which daily RH amplitude crossed
the abscissa was set between 7:00 and
10:00 a.m. according to the RH difference
between 9:00 a.m. and 3:00 p.m. When RH
was higher or equal to 90% for 6 h or more
during the day, no dry stress developed.
The slope for estimating the weekly stress
was calculated the same way as tempera-
ture stress slopes; time for 100% stress
accumulation with maximum weekly stress
was 9 to 10 weeks. Dry stress procedure
development and conditions were set ac-
cording to the following literature and
subsequently on iterations: trace levels of
primary rust lesions were developed on
soybean with 6 h of dew and lesion inten-
sity increased by 10-fold when the dew
period was increased to 8 h (18). An RH
threshold greater than 90% has been used
as an indicator of dew (5,33).

Stress-free index. The following equa-
tion from CLIMEX was used to calculate
the stress-free index for a location: stress-
free index = (1 — cold stress) x (1 — heat
stress) x (1 — dry stress). Index values are
between O and 1. Higher index values rep-
resent higher survival chances for the fun-
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Fig. 3. Map of the stress-free index (survival index) for Phakopsora pachyrhizi in 291 locations in eastern Asia. The stress-free index is scaled between 0
and 1, where 0 is a location where temperatures, dry stress, or both are expected to prevent year-round growth of the fungus, and 1 is a location free of

stresses where the rust can occur year-round.
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gus, and values of <0.25 usually represent
very low survival chances.

RESULTS AND DISCUSSION

The regions where soybean rust fungus
survival may be impossible due to cold
temperatures generally are higher than
latitudes 23 to 30°N and S. In high-eleva-
tion areas, cold stress will limit rust sur-
vival at lower latitudes. In coastal areas
where winter temperatures are milder com-
pared with inland locations, the rust fungus
would survive at higher latitudes (Fig. 1).
This assumption is observed in Jervis Bay,
latitude 35°S (10). Similarly, CLIMEX
predicts that cold temperatures will not
prevent soybean rust survival in coastal

areas of eastern and southern Africa and in
the southern Mediterranean regions. Hot
temperatures are suggested to limit the
year-round survival of soybean rust mainly
in northern Africa, some parts of north and
central India, and northwestern Australia
(Fig. 2). A combination of both cold and
hot temperature stresses suggests that P,
pachyrhizi might persist year-round in
most tropical and subtropical regions of
the world. Dry stress accumulation for P,
pachyrhizi was calculated in the areas
where temperature stresses did not prevent
rust survival. Although the circadian model
used for a daily cycle of RH does not fit
well for every location and daily humidity
variations are high, the suggested dry

stress procedure suited our needs for a
gross features estimation of the fungus
geographical distribution. Dry stress
should limit year-round survival in regions
where a dry season with low RH prevails
in part of the year, such as in inland north
and central Mexico and in parts of south-
eastern Africa. It is important to mention
that, in areas where drought is expected to
limit rust survival, local microclimates
with more humid conditions, such as near
water bodies and inside irrigated fields,
might provide conditions for survival of
the fungus.

According to the current prediction of a
soybean rust survival zone, the world soy-
bean production areas where rust can occur
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Fig. 4. Map of the stress-free index (survival index) for Phakopsora pachyrhizi in 666 locations in Africa. The stress-free index is scaled between 0 and 1,
where 0 is a location where temperatures, dry stress, or both are expected to prevent year-round growth of the fungus, and 1 is a location free of stresses

where the rust can occur year-round.
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in a growing season can be divided into
two subdivisions: areas where the disease
can survive year-round if a suitable host
prevails, and areas where seasonal rust
epidemics are dependent on long-distance
dispersal of inoculum from a source area.
According to this division, most places
where soybean rust has been reported are
areas where the rust might persist year-
round, including eastern-hemisphere re-

gions such as southern China, eastern Aus-
tralia, and Indonesia; the latter is believed
to be origin of the disease (Fig. 3). The
areas new to soybean rust over the past few
years also belong to this category. In Af-
rica, the rust is suggested to survive in
many locations throughout central and
southeastern Africa (Fig. 4). In Brazil and
Paraguay, the model predicted rust survival
in many locations (Fig. 5). In these re-

gions, the rust is expected to spread fast
and become endemic soon after its intro-
duction. The main remaining regions
where soybean rust has not been reported
but has the potential to become endemic
are located in the western hemisphere:
northern South America and Central Amer-
ica, Mexico, the Caribbean, and coastal
regions in southern Texas and parts of
Florida (Figs. 5 and 6).
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Fig. 5. Map of the stress-free index (survival index) for Phakopsora pachyrhizi in 97 locations in South America. The stress-free index is scaled between 0
and 1, where 0 is a location where temperatures, dry stress, or both are expected to prevent year-round growth of the fungus, and 1 is a location free of
stresses where the rust can occur year-round. In the Amazon Basin and west-central Brazil, no estimates are made due to lack of historical data.
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As mentioned for dry stress, the use of
monthly means might promote incorrect
predictions for temperature stresses as
well. In much of Florida, mean monthly
minimum temperatures during winter are
higher than those in Jervis Bay, where rust
overwintering was confirmed (10). Regard-
less, there is an essential difference be-
tween most parts of Florida and Jervis Bay.
Minimum temperatures below 2°C were
observed once during the past 30 years in
Jervis Bay; however, in most of Florida,
minimum temperatures below 0°C are
common for a few nights in winter. The
data in the literature concerning the influ-
ence of low temperatures on soybean rust
are incomplete. Uredospores of P. pachyr-
hizi lost their viability in less then 5 days
when kept at 4 to 5°C (23). However, in-
formation on the effects of short periods of
low-temperature exposure on uredospore
survival, uredia and uredospore produc-
tion, and mycelium viability was not avail-
able. If soybean rust cannot survive occa-
sional  short periods of freezing
temperatures, most of Florida and some
other parts of the world, where overwinter-
ing is likely, should be excluded from the
possibility of year-round survival. How-

ever, if we choose a less conservative ap-
proach and set the cold stress slope to pre-
vent rust survival within 9 to 10 con-
secutive weeks of temperatures of 4°C
instead of 7°C, costal regions in Missis-
sippi and Louisiana will be included in the
soybean rust survival regions. Other re-
gions in the world, such as high-altitude
areas in Africa where the model suggests
marginal cold stress conditions, also will
be included on the survival regions.

The eastern hemisphere contains regions
where soybean rust is a known problem
but is not expected to overwinter as pre-
dicted by our model. These areas include
regions in China and Japan up to latitude
35°N. In northeastern areas of China, the
rust occasionally is found (41). The rust
also was reported in eastern Russia (21);
however, it has not been considered an
agricultural problem to the best of our
knowledge. The predicted overwintering
zone for the rust in southern China was
below latitude 23°N in the mainland and
further north in Taiwan and Okinawa. In
parts of China, soybean is cultivated
throughout the year. Winter soybean is
planted during November, spring season
plantings are during February, summer

season plantings are during May, and fall
season plantings are in August. In places
where soybean rust overwintering is pre-
dicted, severe epidemics are common dur-
ing winter in Hainan Island and during
spring and fall in southeastern China (30).
In Taiwan, where overwintering is pre-
dicted, severe rust epidemics are known
to occur during spring and fall (34). In
other areas of China where soybean rust
occurs but was not expected to overwin-
ter, severe epidemics are observed mainly
during the fall (30). Soybean rust epidem-
ics during summer are very rare in these
regions and are attributed to the prevailing
high temperature conditions (30). Al-
though early summer temperatures are
suitable for the rust in Wuhan, located in
central China, and severe epidemics
might develop in response to artificial
inoculation (28), severe natural infections
are not observed.

Soybean production regions in the
United States (excluding parts of Florida
and southern Texas) and central Argentina
are main soybean production areas where
rust is not expected to overwinter but may
occur during a growing season because of
their proximity to rust overwintering zone.
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Fig. 6. Map of the stress-free index (survival index) for Phakopsora pachyrhizi in 301 locations in North America. The stress-free index is scaled between 0
and 1 where 0 is a location where temperatures, dry stress, or both are expected to prevent year-round growth of the fungus, and 1 is a location free of
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The predicted overwintering zone in
South America extended southward to
about latitude 27.5°S in Argentina, and
probably even further south. In that region,
the number of locations examined for
stresses accumulation was sparse; the next
place examined to the south where over-
wintering was excluded was located in
latitude 30.5°S. In inland Argentina, win-
ter temperatures are milder compared
with regions with the same degree of
latitude in North America. According to
long-term temperature normals of some
locations examined in that region, soy-
bean rust might survive during winter
down to latitude 30°S. Since 2001, soy-
bean rust already has been observed in
southern Paraguay (19) and Misiones
Province of northern Argentina (24). In
Argentina, soybean is grown mainly dur-
ing summer and the central production
area is between latitudes 30 and 41°S. In
the United States, the possible overwin-
tering zone is up to about latitude 28 to
29°N in Florida and in the western Gulf
of Mexico coastal regions. The soybean
production area is mainly between lati-
tudes 30 and 48°N.

CLIMEX has been applied for assessing
the potential distribution of insects (36),
weeds (22), and diseases (2,26) on both
regional and global scales. Presumably,
because of interpretive difficulties of
CLIMEX soil moisture and dry stress pro-
cedures to the life cycle of aerial fungal
pathogens, it is not widely used with such
organisms. For studied modular parts of
the CLIMEX procedure, temperature
stresses, together with a self dry stress pro-
cedure, were used to produce maps of
stress-free regions where year-round estab-
lishment of soybean rust is expected. The
growth index was not used to calculate the
year-round fungal persistence in the present
study because we assumed that stress starts
to accumulate at a given temperature that
overlaps with the temperature range for
fungal growth. Using this approach tends to
reduce the chances for overestimating the
possible fungal establishment zone.

A quantitative yield loss model devel-
oped for soybean rust predicted consider-
able yield losses in some areas of the
United States (37). The model assumed
that rust uredospores are available during a
growing season. The current work deals
with the potential distribution regions of
the fungus, which might serve as the
source regions of inoculum for epidemics
in a pandemic region. Understanding the
components responsible for P. pachyrhizi
uredospore dispersal patterns in China and
Japan will help predict the risk and the
timing for long-distance transport of ure-
dospores within Argentina and the United
States. Combining evaluations for ure-
dospore arrival along with soybean rust
risk model developed (38) will enable us to
improve risk assessment for different areas
within the U.S. soybean belt.
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